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INTRODUCTION

Microorganisms are exceptional in their abil-
ity to adapt to a wide variety of environmental
stresses. One of the more extreme environments
is that of elevated temperature. It seems start-
ling to find organisms existing, often obli-
gately, at temperatures which usually preclude
the life process, i.e., at temperatures which in
vitro can cause the destruction and denatura-
tion of many macromolecules necessary for life.

Because living cells are essentially aqueous
chemical systems, their existence is theoreti-
cally limited to temperatures at which water
exists in a liquid state. However, it is difficult to
establish precise temperature limits which are
compatible with life. Recent studies have dem-
onstrated the presence of microbial life at
temperatures approaching or slightly exceeding
the boiling point of water (19, 20). Because most
proteins and nucleic acids, as well as many
low-molecular-weight compounds, are dena-

tured by temperatures of this nature, any orga-
nism existing under these conditions must pos-
sess unusual mechanisms which enable its sur-
vival.

The mechanisms involved in survival in such
an extreme environment are of scientific inter-
est for several reasons. The phenomenon of
thermophily would appear to be a primitive
characteristic from an evolutionary point of
view. Tanaka et al. (127) and Peck (107) have
proposed phylogenetic trees of Clostridium,
indicating that thermophilic species are the
oldest from evolutionary considerations. Brock
and others (19) have speculated that thermo-
philes may have retained characteristics of
primordial life forms. Thus, a study of the
physiology and biochemistry of the thermo-
philic bacteria will perhaps lead us to a better
understanding of how living systems have
evolved and developed.

In addition, the possibility of thermal con-
tamination of many aquatic environments be-
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comes more significant as the disposal of cool-
ant water from industrial operations into natu-
ral environments increases (see Chemical and
Engineering News, 12 January 1970, p. 50, for
the potential magnitude of this problem). It
seems feasible that as the thermal gradient
moves downstream from these heat sources, the
threat of thermophilic growth in these “ther-
mally polluted”” environments may become sig-
nificant (63). Castenholtz (32) has referred to
thermophilic blue-green algal blooms in ther-
mally polluted environments. Brock and Yoder
(22) have found thermophilic bacteria growing
in the Jordan River (Ind.), which is subject to
moderate thermal pollution. Zeikus and Brock
(145) have reported an initial study of the
Yellowstone Geyser Basin-Firehole River drain-
age area as a model system of a thermally
polluted environment, and they suggested that
this system is an excellent model for a long-term
study of the ecological consequences of thermal
pollution. Although thermophilic microorga-
nisms are generally considered nonpathogenic
for man (116), we have little knowledge of what
their effects on the ecology of these environ-
ments could be.

It should also be pointed out that these
organisms and their proteins may be of consid-
erable industrial importance. Historically (2,
55), thermophilic bacteria have been of indus-
trial note for their nuisance value, i.e., as
spoilage factors in the canning and related food
industries. Their significance in these areas
seems to have decreased today. However, as
biological systems are increasingly applied to
industrial technology, it seems logical that ther-
mophilic bacteria, because of their increased
tolerance of heat, will play an important role.
Because of their remarkable heat stability,
enzymes from thermophiles may be ideally
suited for many industrial processes.

Finally, by gaining some insight’ into the
mechanisms of thermophily, we will come to a
better understanding of a fundamental life
process which, after all, is the ultimate goal of
the biological scientist.

It is the thesis of this review that the survival
of thermophilic microorganisms is due primar-
ily to an inherent stability of the macromolecu-
lar complexes. In considering thermophily, it
must be realized that there is probably no single
mechanism, but rather a host of molecular
variations involved in survival in such an ex-
treme environment. Presently, known physico-
chemical differences between thermophilic and
mesophilic proteins are subtle and give few
clues as to a possible molecular mechanism.
The intent of this review is to focus specifically
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on the physicochemical data that have accu-
mulated on thermophilic proteins. Although no
unifying concepts are apparent, it is hoped that
this information will prove useful in future
experimentation dealing with the complexities
of thermophily.

Previous reviews in the area of thermophily
include those of Gaughran (55), Allen (2), Kof-
fler (72), Brock (19), Campbell and Pace (29),
Farrell and Rose (50, 51), and Farrell and
Campbell (49). Castenholtz (32) has reviewed
the area of thermophilic blue-green algae. Be-
cause Friedman (54) has recently reviewed the
area of protein synthesis in the thermophiles,
we have intentionally not discussed this very
important area.

THE THERMOPHILIC
MICROORGANISMS

The thermophilic bacteria are a ubiquitous
group of microorganisms found in a wide variety
of environmental conditions ranging from ther-
mal pools and desert soils to arctic glaciers and
freshly fallen snow. As defined by Farrell and
Campbell (4Y), thermophiles can exist at ele-
vated temperatures as obligate, facultative, or
thermotolerant organisms. Although the max-
imum temperature of growth is theoretically
limited by the availability of liquid water,
Brock (19, 20) has noted that the actual upper
limit decreases with increasing acidity of the
growth environment. The temperature limits of
microbial growth have been considered in some
detail by Brock (19).

Thermophilic species are found in most bac-
terial genera (2, 55). In general appearance they
resemble their mesophilic counterparts. They
ferment similar carbohydrates, utilize similar
nitrogen sources, and have similar oxidative
pathways. They can exist as aerobes, anaerobes,

‘or as facultative aerobes; autotrophic and hete-

rotrophic species exist.

Observations of thermophilic growth date
from ancient times (19); mechanisms to explain
the origin of thermophiles are numerous and
often exotic. Arrhenius (8) suggested that ther-
mophilic microbes had their origin on the planet
Venus and were carried to the earth by radia-
tion pressure from the sun in a few days. On a
more mundane level, arguments regarding their
origin have developed along two lines of
thought, i.e., either mesophiles developed from
thermophiles or vice versa. Allen (2) has pre-
sented very persuasive arguments for the meso-
philic origin of thermophiles via either adapta-
tion or mutation. The basis of this argument is
the ubiquitous occurrence of thermophilic spe-
cies in nonthermophilic environments and the
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finding that some mesophilic species can be
adapted to growth at elevated temperatures.

As was previously noted, the evidence availa-
ble today (127) suggests a thermophilic origin
for mesophiles. The most compelling support
for this hypothesis comes from the argument
that evolution proceeded from an environment
considerably warmer than the present one.
However, it seems safe to conclude that the
origin of thermophilic species is by no means
established.

POSSIBLE MECHANISMS OF
SURVIVAL

Several general mechanisms have been pro-
posed to explain the survival of thermophilic
microorganisms at elevated temperatures.
These proposed mechanisms have broadly de-
veloped around the following three concepts: (i)
stabilization may be achieved through lipid
interaction; (ii) heat-denatured cellular compo-
nents may be rapidly resynthesized; and (iii)
thermophilic organisms may possess mac-
romolecular complexes with an inherent heat
stability. Each of these possible mechanisms
will be considered in turn.

Lipids

Heilbrunn (59) and Beélehradek (12) ob-
served that thermally stable organisms had
lipids with higher melting points than did
thermally labile organisms. They suggested
that the temperature at which cellular lipids
melted might set an upper limit for cellular
growth. Other authors (37, 40, 112, 113) have
noted that as the growth temperature increases,
the percentage of saturated and branched-chain
fatty acids increases. These changes could cause
a higher melting point and greater flexibility in
the membrane lipids. Brock (19) has suggested
that changes of this nature might therefore
provide the organism with a more stable mem-
brane. A recent study using spin-labeling tech-
niques (34, 35) suggested that membranes pre-
pared from facultative thermophiles grown at
55 C are more rigid than the membranes of cells
grown at 37 C. Another study (102) including
the same organism demonstrated significant
differences in the cell walls of cells grown at 37
and 55 C. Differences were found in chemical
composition, susceptibility to lysozyme, and
morphological changes observable by electron
microscopy. These studies support Brock’s hy-
pothesis and suggest that differences do occur in
the membranes and cell walls of thermophiles
and mesophiles. However, because little is
known about the membrane structure of bacte-
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ria in general, it is difficult to relate these
observations to a generalized mechanism of
thermophily. This potentially exciting area
must await further developments in the area of
membrane biochemistry.

Recently, Wisdom and Welker (137) have
reported the observation that the alkaline phos-
phatase of Bacillus stearothermophilus is more
thermostable within the cell membrane than in
lysed cells. This observation suggests that the
cell membrane has the ability to stabilize ‘‘solu-
ble” enzymes within the cell. Such a phenome-
non could arise from a loose association of the
protein with the membrane, some unknown
type of architectural arrangement within the
cell, or possibly from a simple effect of high
protein concentration within the cell. If such
observations can be extended to other proteins
from thermophiles, they will have important
implications for the mechanisms of survival of
these organisms.

Rapid Resynthesis

Lamanna (78) has pointed out that in the
genus Bacillus, smaller organisms tend to have
a greater heat resistance than larger species.
Copeland (39) made similar observations re-
garding several genera of blue-green algae.
Allen (2) has noted that smaller cells should
have a higher metabolic rate due to a greater
ratio of surface to volume, because this condi-
tion would facilitate the rapid transport of
substrates and waste products into and out of
the cell.

Based on these and other observations, it has
been postulated (2) that growth at elevated
temperatures is simply the result of a rapid
resynthesis of heat-denatured cellular compo-
nents. Evidence supporting this hypothesis has
been reviewed by Allen (2). (One should note,
however, that these studies all involved the use
of spore formers, which exhibit a very high rate
of protein turnover prior to sporulation.) Fur-
ther support has been provided by Bubela and
Holdsworth (23, 24), who noted that the rates
of protein and nucleic acid synthesis and turn-
over in B. stearothermophilus are considerably
higher than those of Escherichia coli.

However, Koffler (72) has pointed out that if
thermophily is simply a kinetic function of
rapid resynthesis, then mesophiles should be
able to grow at elevated temperatures (and
conversely, thermophiles should be able to grow
at low temperatures). He suggested that an
organism should be anywhere from 16 to 81
times as active at 70 C as it is at 30 C (assum-
ing a doubling or tripling of rate with a 10 C
increase in temperature).
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If survival at elevated temperatures is related
to a simple kinetic function, then it should
follow an Arrhenius equation. Brock (19) has
compiled the optimal growth temperatures and
growth rates for a series of thermophilic and
mesophilic organisms. These data were plotted
in a double-reciprocal Arrhenius manner. Al-
though the plot was generally linear (with a
marked nonlinearity at higher temperatures),
the slope was considerably less than that found
for a single species extrapolated over the tem-
perature range. The data strongly suggested
that the thermophiles do not grow as rapidly at
their optima as would be predicted from an
Arrhenius relationship and that survival at
elevated temperatures is not simply a function
of rapid resynthesis of heat-denatured cellular
components. It should be noted, however, that
the number of data points for this determina-
tion were few, and it seems possible that the
relationships noted may not be statistically
valid.

Thermally Stable Macromolecules

One may consider three possible mechanisms
a priori to explain the survival of thermophiles
in molecular terms: (i) thermophiles may con-
tain factors which increase the stability of their
components with respect to heat; (ii) meso-
philes may contain factors which increase the
lability of their components with respect to
heat; and (iii) cellular components of thermo-
philes may have an inherent heat stability,
independent of exogenous factors.

These hypotheses have been tested (6, 72, 73)
to some extent by mixing cell-free extracts from
thermophilic microorganisms with extracts pre-
pared from mesophiles and by testing for pro-
tein denaturation after heating. The thermo-
philic extracts were found to possess a marked
degree of heat stability, which was not transfer-
able to the mesophilic extract. Similarly, the
mesophilic extract caused no loss in thermal
stability in the thermophilic extract. It should
be noted that these experiments only exclude
transferable factors from being related to the
stabilization of the systems studied. It is con-
ceivable that a stabilizing factor could be so
tightly bound as to not be transferable in the
experiments described.

In other experiments, Amelunxen and Lins
(6) assayed several enzymes from B.
stearothermophilus and Bacillus cereus in crude
lysates. Generally, the thermophilic enzymes
were considerably more thermostable than the
homologous mesophilic enzyme. Howell et al.
(66) have reported similar findings with several
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glycolytic enzymes from thermophilic and mes-
ophilic Clostridia.

Thus far the only example of a thermophilic
enzyme being associated with a stabilizing fac-
tor (other than a substrate) is a catalase (EC
1.11.1.6) studied in an unspecified thermophile
(100). The crude enzyme was observed to pos-
sess a high degree of heat stability which
decreased upon purification. It was found that a
factor (S factor) could be removed from the
crude enzyme by charcoal treatment and could
be isolated by boiling the crude enzyme. The
effect of this factor was slight, however. The
temperature optimum for the “free’’ enzyme
was 60 C, whereas the temperature optimum in
the presence of S factor was 65 C. Therefore,
even in the absence of the factor, the enzyme
was heat stable. The “free”’ enzyme was found
to have kinetic behavior similar to other cata-
lases. The physical properties of the enzyme
and the nature of S factor have not been
reported.

PROTEINS FROM THERMOPHILIC
MICROORGANISMS

Most of the available evidence supports the
hypothesis that thermophilic microorganisms
synthesize macromolecular components which
possess an intrinsic thermostability which is
independent of any transferable (soluble), sta-
bilizing factors. Although nontransferable sta-
bilizing factors may play some role in the
survival of the organism, it will be shown later
that such factors must be low molecular weight
in nature. In all likelihood, the survival of the
organism is the result of the interaction of
several mechanisms, e.g., a more stable mem-
brane, more rapid growth, perhaps some type of
structural stabilization, and so forth. However,
one of the primary contributing factors toward
the survival of the organism is the inherent heat
stability of its cellular proteins. Without the
presence of thermally stable biosynthetic sys-
tems, the organisms could not survive.

Currently, approximately 20 proteins have
been isolated from a variety of thermophilic
microorganisms. Many of these proteins have
been highly purified and well characterized
physically and chemically. Homologous pro-
teins from mesophilic organisms have been
thoroughly described, thus giving a valid basis
for comparison with the thermophilic enzymes.

Classification

Farrell and Campbell (49) proposed that
enzymes from thermophilic sources be classified
into three broad classes. Class I denotes those
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enzymes which are stable at the temperature of
synthesis (usually 55 to 65 C), but-are inacti-
vated at slightly higher temperatures. Class II
contains those enzymes which are inactivated
at the temperature of synthesis, except when in
the presence of substrate. Class III includes
those enzymes which are highly heat resistant
and are stable at temperatures above the tem-
perature of synthesis.

There are several difficulties with this classi-
fication system. First, is the basic problem of
assessing thermostability of an enzyme, an area
of great confusion in the literature. For in-
stance, many authors assume that an elevated
temperature optimum is directly related to
thermostability. However, because this param-
eter is ideally a kinetic value and is determined
from initial velocity data, it may not truly
reflect thermostability of the protein. It seems
to us that the best demonstration of thermosta-
bility is the demonstration that the protein
survives a fixed temperature for a defined
length of time under defined conditions. Be-
cause these experiments have not been agreed
upon, we suggest that investigators report
values for several temperatures and times of
incubation. It seems preferable that these data
be plotted in semilogarithmic fashion, showing
the log of remaining activity versus time, at
several values of temperature. Furthermore,
we also suggest that investigators obtain sam-
ples of appropriate homologous, mesophilic
proteins and subject them to identical dena-
turation experiments for purposes of compara-
tive enzymology.

Second, although the system relates the sta-
bility of the enzyme to the growth temperature
of the organism, it says nothing about the
necessity of the enzyme for the survival of the
organism. Thus, an enzyme may maintain full
activity after extensive heating at temperatures
well above the growth optimum of the orga-
nism; however, if its products are not necessary
for the survival of the organism, the stability of
the enzyme would be irrelevant. This criticism
stems directly from a void in the study of
thermophilic microorganisms. Little is known
regarding the metabolic pathways of these orga-
nisms; therefore, it is difficult to ascertain
which enzymes are crucial for the survival of the
organism.

Finally, this classification scheme omits a
potentially very significant class of proteins for
thermophilic microorganisms, i.e., it makes no
provision for those proteins which are not stable
under any conditions at the optimal tempera-
ture of growth.

Weerkamp and MacElroy (134) have recently
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reported a study of lactate dehydrogenase (EC
1.1.1.27) from Bacillus caldolyticus which
would appear to fit this classification. When the
enzyme was isolated from cells grown in the
absence of brain-heart-infusion media, it was
rapidly inactivated by 4 min of heating at 70 C,
although the cells were grown at 70 C. Ame-
lunxen and Lins (6) noted that pyruvate kinase
(EC 2.7.1.40) and glutamic transaminase (EC
2.6.1.1) in crude lysates of B. stearothermo-
philus were rapidly inactivated by tempera-
tures near the growth maximum for the orga-
nism.

These findings have two possible interpreta-
tions. The level of enzyme found in the crude
extract may be due to a rapid rate of synthesis
coupled with a slower rate of inactivation. Thus,
when the cells are lysed, a significant amount of
enzyme may be present in the extract. However,
when this extract is heated, rapid inactivation
of the enzyme is observed. Alternatively, it is
possible that cellular organization somehow
provides stabilization of the protein and that
destruction of cell structure causes a loss of
protein stability. The true magnitude of this
problem is not known, because few studies of
this nature are available in the literature. Un-
fortunately, investigators may not be prone to
publish information on nonstable proteins from
thermophiles. In reality, this could pose one of
the more interesting problems in the area of
thermophilic existence.

Red Fraction

One of the first cell-free systems isolated from
a thermophilic bacterium was a red-colored
particulate fraction which had the ability to
oxidize malate, succinate, a-ketoglutarate, pyr-
uvate, and citrate (45, 46, 88, 92, 93). The
fraction showed all of the characteristics of a
conventional cytochrome system, but had a
high degree of heat stability. The system lost
only 30% of its activity after 30 min at 65 C and
retained 50% of its activity after 90 min. Control
systems from mesophilic sources were almost
totally inactivated after 1 to 2 min at 65 C. A
malate dehydrogenase (EC 1.1.1.37) (88) par-
tially purified from the red fraction was found to
have an optimal temperature of 60 C and was
stable when heated at 65 C (for an unspecified
length of time).

Adenosine Triphosphatase

A primary criticism of the above work was
that it involved the use of a particulate fraction
which might confer some degree of thermosta-
bility to the proteins. To obviate this criticism,



VoL. 37, 1973

Militzer and his co-workers purified an apyrase
(EC 3.6.1.5) (95), an adenosine triphosphatase
(ATPase; EC 3.6.1.3) (89, 94), and a pyrophos-
phatase (EC 3.6.1.1) (PP,ase) (90) from B.
stearothermophilus. All of these proteins have a
high degree of heat stability, especially the
ATPase which was stable at 75 C in the pres-
ence of Ca?*. The authors suggested that the
PPase was structurally different from the cor-
responding yeast enzyme, based on a marked
difference in the entropy of activation for the
two enzymes. Hachimori et al. (57) have re-
cently obtained the ATPase from B. stearother-
mophilus in homogeneous form and have studied
its physical properties. As seen in Table 1,
the enzyme is quite heat stable; however, no un-
usual physical properties have been found for
the enzyme when compared with the nonther-
mostable enzyme referred to in Tables 2 and 4.
The authors have suggested that the enzyme
undergoes a conformational change at 55 C,
based on a discontinuity occurring at this tem-
perature in the Arrhenius plot. The origin of
this change is not apparent, but the authors
have concluded that it may be related to the
presence of a more active species of enzyme at
higher temperatures.

Flagella

Koffler and his collaborators (1, 72-75, 84,
138) have studied flagella isolated from thermo-
philic and mesophilic bacteria and have found
that those isolated from thermophiles have a
higher degree of heat resistance. Thermostabil-
ity was measured by following the viscosity
changes which occurred upon disruption of the
flagellum into its protein component, flagellin.
Flagella from B. stearothermophilus were stable
over a 30-min period at 70 C and were stable to
the action of urea and acetamide. Thermophilic
flagellin molecules were found to have fewer
charged groups upon titration than mesophilic
flagellin. Flagella from E. coli underwent rapid
and pronounced changes in viscosity at 50 C
and were severely denatured by urea and aceta-
mide. Koffler speculated that the smaller num-
ber of charged groups might cause a decrease in
the tendency of the thermophilic flagella to
dissociate. It was suggested that additional
stabilization might result from more effective
hydrogen bonding in the thermophilic flagella.

In more recent work (75, 138), it has been
demonstrated that the flagellar filament is
constructed of polarly oriented ovoid subunits
of flagellin, a unique protein capable of forming
normal filaments by self-assembly. Flagellin
from B. stearothermophilus consists of a single
polypeptide chain with a molecular weight of
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about 50,000; it contains six tyrosine residues
and one tryptophan residue. Four of the tyro-
sine residues were titrated normally, one was
titrated with difficulty, and another could not
be titrated except in the presence of protein
denaturants. One of the tyrosines appeared to
be exposed to the medium, because nitration by
tetranitromethane did not affect either the
capability for self-assembly or thermal stabili-
ty. Four of the remaining tyrosine residues
could be nitrated and affected the properties of
the flagellin, depending on the degree of nitra-
tion. The behavior of these tyrosine residues
together with other evidence had led Koffler to
conclude that the thermophilic flagellum is
stabilized through the hydrophobic interaction
of these tyrosine residues.

Amylase

Campbell (25, 26) reported the purification
and crystallization of an a-amylase (EC 3.2.1.1)
from B. coagulans which retained 90% of its
activity after 1 h at 90 C. However, the small
yields of the enzyme precluded a detailed study
of its properties. Attention was then turned to
the a-amylase of B. stearothermophilus which
could be obtained in higher yields (27, 28, 85,
86). Enzyme biosynthesis was optimally in-
duced at pH 6.7 by maltose and related com-
pounds (135, 136). The enzyme was crystallized
and found to be extremely heat stable. There
was no loss of enzymatic activity after 24 h of
incubation at 65 or 70 C, and only a 29% loss of
activity occurred after 20 h at 85 C. This heat
stability was also observed under assay condi-
tions.

The properties of the enzyme are summarized
in Tables 1 and 3, and demonstrate the protein
to be nonspherical and of low molecular weight.
A large, negative optical rotation suggested an
absence of appreciable helical structure. Fur-
thermore, 8 M urea and 4 M guanidine-HCI had
no effect on either the optical rotation or the
enzymatic activity. The amino acid composition
was of interest from several aspects. First, the
protein appeared to be quite acidic, with aspar-
tic and glutamic acids accounting for 23% of the
total residues. This composition was reflected in
the acidic isoelectric point noted in Table 1.
Second, the protein contained 4 mol of half-cys-
tine and no free sulfhydryl groups, suggesting
the presence of two disulfide bonds. Performic
acid oxidation split the protein into two inactive
fragments, further supporting this hypothesis.
Third, proline accounted for 15% of the total
residues, a value much higher than that found
for other a-amylases (by four to five times).
Because proline is known to disrupt a-helix
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formation, this observation supported the previ-
ous finding of little or no helical structure.

Based on these observations, Campbell and
co-workers proposed that the a-amylase from B.
stearothermophilus possesses a unique struc-
ture which is solely responsible for its extreme
thermostability. This structure is that of a
semirandom or random-coiled well-hydrated
molecule, with any secondary structure arising
solely from the presence of disulfide bonds.

However, attempts to reproduce these data
by other investigators have been unsuccessful,
and the conclusions regarding the unique struc-
ture of this enzyme have been questioned by
Pfueller and Elliott (109). These authors were
unable to obtain amylase activity by the pub-
lished method (85), but were able to obtain a
partially purified preparation by another route.
However, this enzyme did not exhibit the prop-
erties of the previously described enzyme (27,
28, 86), as can be seen in Tables 1 and 3. The
significant differences reside in the molecular
weight, isoelectric point, and amino acid analy-
sis, especially with respect to proline, which
constitutes only 3.4% of the total residues.
Importantly, their preparation did not have the
extreme heat stability of the amylase described
by Manning and Campbell (85), and it required
the presence of Ca?* or a high protein concen-
tration for maximum stabilization. Pfueller and
Elliott concluded that “ ... it would seem rea-
sonable to view with some reservation the con-
clusion that the organism produces an enzyme
of unique structure, at least until substantiated
by further work’ (109).

Thus far, this discrepancy has not been
resolved. Farrell and Campbell (49) have stated
that Pfueller and Elliott were working with a
different strain of B. stearothermophilus than
that used by Manning and Campbell (85). It is
possible that the a-amylase studied by Pfueller
and Elliott is the same or at least similar to that
studied by Endo (47), who reported the purifi-
cation of an a-amylase from B. stearothermo-
philus var. amylolyticus. The enzyme was sta-
ble at 80 C, but lost 50% of its activity at 90 C
after 1 h of incubation. The heat stability of the
enzyme was a function of Ca?* concentration.
Farrell and Campbell (49) have excluded this
possibility.

Ogasahara et al. (104) have reported the
crystallization of an a-amylase from B. stearo-
thermophilus Donk, strain BS-1. An intensive
physical characterization of the enzyme demon-
strated a close resemblance to the enzyme
isolated from B. subtilis (Tables 2 and 4). These
properties also bear a close similarity to those
of the enzyme studied by Pfueller and Elliott
(109).
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Aldolase

Fructose-1,6-diphosphate aldolase (EC
4.1.2.13) has been purified from a variety of
thermophilic bacteria. Thompson and Thomp-
son (130) obtained a nonhomogeneous prepara-
tion from B. stearothermophilus which was
quite heat stable. There was no difference in the
enzyme prepared from cells grown at 45 C and
that extracted from cells grown at 65 C. Also,
the enzyme maintained its thermal stability
throughout the purification procedure. These
experiments demonstrated that the enzyme is
not “heat induced” and that its stabilization is
not due to the presence of loosely bound factors
which could be removed by purification. On the
basis of metal chelator studies, the authors
classified the enzyme as a type I aldolase, and
therefore similar to aldolases from mammalian
sources. However, Freeze and Brock (53) and
Sugimoto and Nosoh (124) have presented evi-
dence contrary to this observation.

The aldolase from B. stearothermophilus was
obtained in homogeneous form by Sugimoto
and Nosoh (124) who studied its physical prop-
erties, which are summarized in Tables 1 and 3.
The enzyme contains two atoms of zinc and
is strongly inhibited by ethylenediaminetetra-
acetate (EDTA). Thus, it most likely is a type
II aldolase and resembles the corresponding
yeast enzyme. The inhibition by EDTA was
very interesting, for it suggested that marked
changes in the active site occurred around 45 C.
The Arrhenius plot of K, and Vn,, suggested
that the enzyme underwent a change in confor-
mation around 50 to 53 C. Although the nature
of the conformational change was not defined,
the authors concluded that the thermostability
of the enzyme is a result of some factor other
than an extraordinary protein sequence of
peculiar amino acid composition and protein
conformation.

Howard and Becker (65) have recently dem-
onstrated that the aldolase from B.
stearothermophilus is rapidly inactivated when
heated in the presence of its substrates. In the
presence of fructose-1,6-diphosphate, the en-
zyme had only 15% of its initial activity after 10
min at 61 C. In the control experiment, the
enzyme only lost 2% of its activity. The authors
noted that with inactivation, changes occurred
in the molar ellipticity of the enzyme.

Barnes et al. (10) have purified aldolases from
two thermophilic (Clostridium tartarivorum
and C. thermosaccharolyticum) and one meso-
philic (C. pasteurianum) species of Clostridium
The properties of the aldolase from C.
tartarivorum are summarized in Table 1. The
properties of the aldolase from C. thermosac-



330 SINGLETON AND AMELUNXEN BacTterioL. REV.
TaBLE 4. Amino acid composition of proteins from representative nonthermophilic sources®
Enzyme | Aldolase | a-Amylase | ATPase | GPDH ICDH Fdx FTHFS | G-6-PI1 | Protease API
Source 1 2 3 4 6 7 8 4 2 9
Asp 79 53 372 152 70 8 100 116 49 257
Thr 37 23 252 88 39 1 49 82 31 134
Ser 39 24 228 76 42 5 30 77 32 157
Glu 78 43 480 72 61 4 74 127 26 289
Pro 33 14 144 48 33 3 29 50 12 150
Gly 60 39 324 128 45 4 79 88 30 230
Ala 67 29 312 128 76 8 93 84 28 288
0.5 Cys 9 — 12 16 3 7 9 12 0 71
Val 45 25 252 136 42 6 65 68 17 177
Met 14 5 84 36 8 0 19 29 2 56
Ile 48 17 228 84 39 5 48 71 13 147
Leu 45 23 348 72 60 0 78 115 23 210
Tyr 24 24 120 36 19 1 11 24 24 49
Phe 29 18 108 56 17 1 23 61 10 106
Lys 51 25 228 104 52 1 73 82 17 187
His 22 12 60 44 13 0 17 47 5 44
Arg 19 17 168 40 24 0 25 43 9 115
Try 9 15 — 12 7 0 3 24 3 36
Amide — — — — — — 69 108 — 279
NH,
Residue/ 703 406 3,720 1,328 650 825 1,308 331 2,703
mole
Recovery — — — 100 — 100 105 102 — 100
Reference 58 68 119 120 38 128 61 101 91 41

@ See Table 1 for abbreviations of enzyme names and Table 2 for sources codes.

charolyticum are almost identical to those re-
ported here.

All three enzymes demonstrated similar
physical properties. They all appear to be type
II aldolases (i.e., they require a metal ion for
activity), have very similar molecular weights,
and are equally susceptible to denaturants such
as urea and guanidine-HCl. The significant
difference resides in their thermal stability. The
enzyme from C. pasteurianum has an optimal
temperature of 42 C, whereas the thermophilic
enzymes have optima between 70 and 72 C. The
mesophilic enzyme is completely inactivated
within 5 min at 57 C, whereas the thermophilic
enzymes remain stable for up to 4 h under the
same conditions.

Freeze and Brock (53) have purified an aldol-
ase from the extreme thermophile, Thermus
aquaticus, an organism initially isolated from a
Yellowstone hot spring and often capable of
growth in water approaching the boiling point
(21). Its properties are summarized in Table 1.
It appears to be a classical type II aldolase,
except for an apparent tendency to dimerize. In
the presence of cysteine, the molecular weight is
reduced to 70,000, thus putting it in the same

range as other type II (bacterial) aldolases. The
enzyme is extremely thermostable, having a
temperature optimum of 95 C. Interestingly, it
has little activity at temperatures below 60 C.
The authors concluded that except for its ex-
treme heat stability, the aldolase from T.
aquaticus resembles other class II aldolases in
all significant respects. It is interesting that
although the amino acyl synthetases of this
organism possess a high degree of heat stability
(when compared with the homologous system of
E. coli), they were not as heat stable as the
above aldolase (144).

Proteolytic Enzymes

An extracellular protease (EC 3.4.4, not spe-
cified) was crystallized from Bacillus
thermoproteolyticus by Endo (48), who noted
that the enzyme was remarkably heat stable.
The enzyme has been subjected to extensive
physicochemical characterization (91, 105, 106)
in an attempt to explain the source of its heat
stability. These data demonstrate the enzyme
to be a moderately large, typically globular
protein, with many properties in common with
the enzyme from B. subtilis. Nineteen ‘“‘abnor-
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mally titrating” tyrosine groups were found by
spectrophotometric titration. However, when
the enzyme was first heated at 80 C for 20 min,
all of the tyrosine residues could be titrated in a
normal manner. Similar observations were
made by using fluorescence and optical rotatory
techniques. These observations led to the con-
clusion that the enzyme is stabilized by the
presence of tyrosine and/or tryptophan residues
existing in a hydrophobic environment. Further
stabilization was envisioned as arising from
hydrogen bonding of the ‘“abnormally titrating”
tyrosine residues buried in the hydrophobic
milieu. This structure appears to have many
points in common with that proposed for flagel-
lin (75, 138).

Moser et al. (96) and Roncari and Zuber (114,
115) have studied a series of aminopeptidases
(EC 3.4.1.2) from strains of B. stearothermo-
philus having different temperature optima for
growth. Obligately thermophilic strains pro-
duce a great deal of aminopeptidase I (AP I),
a thermostable protein, and small amounts of
AP II and AP III, which are heat labile. Obli-
gately mesophilic strains produce mostly AP II
and AP III and very little AP I. Facultative
species produce equal amounts of all three pro-
teins. A similar relationship has been noted for
the aminopeptidases of thermophilic fungi (36).

The heat-stable species AP I was isolated in
homogeneous form, and its properties were
studied. It is extremely thermostable and with-
stands several hours at 80 C without a loss of
activity. Indeed, after 30 min at 80 C, the
activity increased by about 20%. The enzyme
was found to be a high-molecular-weight globu-
lar protein. As shown in Table 1, the presence
of 12 subunits suggests a complex structure
somewhat similar to that of the bovine lens
enzyme (41). The subunit structure of the
enzyme has recently been studied (123). Two
types of subunits (a, 8) were observed to occur
in varying proportions in the enzyme, leading to
three isoenzyme species (a;o82 asBs and aefe).
Other isoenzyme species could be formed in
vitro. Although the various isoenzymes had
different substrate specificities, their thermos-
tabilities were identical. Preliminary electron
micrographs suggested that the 12 subunits are
assembled in two stacked six-membered rings.

The molecular weight of 400,000 is very close
to the values reported for other aminopepti-
dases from E. coli (44), hog kidney (62), and
bovine lens (41). It was suggested that the
protein had a high degree of hydrophobic char-
acter, based on the amino acid analysis. How-
ever, no mechanism was apparent to explain the
marked thermal stability of the enzyme.
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Dehydrogenases

The first intracellular enzyme crystallized
from a thermophilic bacterium was glyceralde-
hyde-3-phosphate dehydrogenase (EC 1.2.1.12)
(3). This enzyme has been well characterized
physically and chemically (4, 7, 120).

Except for its marked thermostability, this
enzyme bears a striking resemblance to the
homologous enzyme isolated from rabbit mus-
cle. Like the muscle enzyme, the thermophilic
enzyme contains 4 mol of bound nicotinamide
adenine dinucleotide (NAD*). The coenzyme
can be removed from the enzyme without loss of
thermostability, and the apoenzyme has been
crystallized (5, 126). Like the muscle enzyme,
the reaction mechanism of the thermophilic
enzyme involves the role of an active sulfhydryl
at the catalytic site. In contrast to the muscle
enzyme, which contains 13 to 14 ancillary
sulfhydryl groups in addition to the four at the
active sites, the thermophilic enzyme has no
ancillary sulfhydryls. Thus, the remaining four
half-cystines (Table 3) must exist as disulfides.
There is also a higher level of acidic amino acids
in the thermophilic enzyme; therefore, the isoe-
lectric point is considerably more acidic than
are the isoelectric points of the corresponding
enzymes isolated from other sources. Other
points of similarity between the thermophilic
and nonthermophilic enzymes include similar
molecular weights, an identical number of sub-
units, similar amino acid composition, and
inhibition by reduced NAD*.

Antibodies have been prepared against the
thermophilic enzyme as well as against the
yeast and rabbit muscle enzymes (117). The
enzymes were inhibited by homologous anti-
sera; however, no cross-reactions were ob-
served. The effect of urea on immunological
reactivity suggested that there were marked
differences between the thermophilic and yeast
enzymes in sensitivity to this denaturant.

Like several of the enzymes from thermo-
philic sources, the glyceraldehyde-3-phosphate
dehydrogenase appears to undergo some type of
conformational change around 55 C. When the
enzyme is denatured in 8 M urea at various
temperatures, a first order denaturation reac-
tion is observed (7). If the rate constants from
the denaturation reaction are plotted in an
Arrhenius fashion, the plot is linear up to 55 C,
at which point it breaks off, thus indicating a
rapid increase in activation energy. This behav-
icr suggests some type of conformational
change; however, the nature of this change is
not understood at this time.

The sequence of the active-site tryptic pep-
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tide of glyceraldehyde-3-phosphate dehydro-
genase has been determined (18). The peptide
(comprising positions 4 to 20 of the prototype
sequence) consists of 20 residues in contrast to
17 residues found in most glyceraldehyde-
3-phosphate dehydrogenases. The peptide from
the thermophilic enzyme differs from the proto-
type sequence only at position 18, where phenyl-
alanine is unique. In most of the active-site
peptides sequenced from this enzyme, position
3 is occupied by a lysine residue; among 14
different examples of the prototype sequence,
the only known variation at this site occurs in
the lobster enzyme, in which this lysine residue
is replaced by threonine. However, in the ther-
mophilic enzyme, position 3 is occupied by
histidine; in addition, an adjacent histidine
residue is found in position 2. The presence of
two adjacent histidine residues is a novel fea-
ture of the active-site sequence of the thermo-
philic enzyme. Whether or not these substitu-
tions are involved in the thermostability of
thermophilic glyceraldehyde-3-phosphate dehy-
drogenase remains to be established.

Bridgen and Harris (17) have recently re-
ported their findings on the amino acid se-
quence of the monomeric subunit of the en-
zyme. An overall homology of approximately
70% was found between the thermophilic and
yeast enzymes, a value very close to that
observed from a comparison of mesophilic glyc-
eraldehyde-3-phosphate dehydrogenases.

Murphy et al. (98) have purified malate
dehydrogenase (EC 1.1.1.37) from B. stearo-
thermophilus, B. subtilis, and E. coli. The
enzymes extracted from members of the genus
Bacillus are virtually identical with respect to
molecular weights and immunochemical prop-
erties, although they both differ from the corre-
sponding enzyme extracted from E. coli. The
small yields of the thermophilic enzyme prohib-
ited its complete molecular characterization.

An NADP-dependent isocitrate dehydro-
genase (EC 1.1.1.42) from B. stearothermo-
philus has been purified by Howard and Becker
(64); this enzyme has a temperature optimum
of 66 C; however, it requires the presence of
substrate for maximal stabilization. The molec-
ular weight of the thermophilic enzyme is
slightly higher than that reported for the cor-
responding enzyme from Azotobacter vinelandii
(38) and approximately twice that of the mam-
malian counterpart. The thermophilic enzyme
has many physical and kinetic properties simi-
lar to those of the bacterial and mammalian
enzymes.

Isocitrate dehydrogenase has been purified
from the extreme thermophile T. aquaticus
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YT-1 by Ramaley and Hudock (Biochim. Bio-
phys. Acta, 1973, in press). The enzyme was
extremely heat stable, exhibiting approxi-
mately a 20% loss in activity after 1 h at 80 C.
The apparent Arrhenius activation energy of
the enzyme was similar to that observed for the
enzymes from B. subtilis and Chlamydomonas
reinhardi. A molecular weight of approximately
75,000 to 80,000 was determined by chromatog-
raphy on Sephadex G-200.

In a recent paper, O’Brien et al. (103) have
reported the purification of methylenetetrahy-
drofolate dehydrogenase (EC 1.5.1.5) from Clos-
tridium thermoaceticum. The properties of the
enzyme are shown in Tables 1 and 3. The molec-
ular weight and apparent K, values for the
thermophilic enzyme do not differ greatly from
those of the enzymes from C. cylindosporum
and C. formicoaceticum.

Two bands, each exhibiting enzymatic activ-
ity, were always seen upon disk electrophoresis.
However, when the purified bands were sub-
jected to electrophoresis a second time, two
bands were again seen. This observation sug-
gests an equilibrium relationship for the two
forms. Sedimentation equilibrium centrifuga-
tion demonstrated a single species of 60,000
molecular weight. Thus, the two electrophoretic
species are not products of an association equi-
librium, but are probably products of a confor-
mational equilibrium.

The thermostability of the enzyme was signif-
icant and was not related to the presence of
substrate. However, when the enzyme was heat
inactivated, the activity decayed to a constant
value, which was dependent upon the tempera-
ture of incubation. Such a behavior suggests
conversion to a more stable form by heating.

These observations are most interesting and
with further study may provide some interest-
ing insights into mechanisms of thermophily.

Ferredoxin

An extensive comparative study has been
made of thermophilic and mesophilic ferredox-
ins in the Clostridia (43, 127). Ferredoxin was
isolated from C. tartarivorum and C.
thermosaccharolyticum (thermophilic species)
and C. acidiurici and C. pasteurianum (meso-
philic species). Because the properties of the
two thermophilic ferredoxins are almost identi-
cal, only the values for C. tartarivorum fer-
redoxin are given in Tables 1 and 3. The
thermophilic proteins have many properties
similar to those of the corresponding proteins
extracted from the mesophiles, e.g., molecular
weights, absorption spectra, iron and sulfide
content, sulfhydryl groups, and total number of
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residues. Furthermore, the optical rotatory dis-
persion spectra were similar for all four proteins
and suggested some random coil structure. The
only significant physicochemical difference be-
tween the ferredoxins was the presence of histi-
dine in the amino acid composition of the
thermophilic protein. (It is interesting to note
that this amino acid was also found in the
active-site peptide of thermophilic glyceralde-
hyde-3-phosphate dehydrogenase.)

However, despite the close similarities of the
thermophilic and mesophilic ferredoxins, the
thermophilic proteins are considerably more
heat stable. They lost only 5 to 10% of their
activity upon heating at 70 C for 1 h, whereas
the mesophilic proteins lost 70 to 75% of their
activity under the same conditions.

The primary sequence of ferredoxin from C.
tartarivorum has been determined and com-
pared with sequences of less heat-resistant fer-
redoxins (127). In ferredoxins from mesophiles,
cys-8 is always preceded by serine or alanine,
but in the thermophilic ferredoxin, cys-8 is
preceded by glutamic acid. The half-cystine at
position 43 in mesophilic ferredoxin is always
followed by an alanine; glutamine substitutes
for this alanine in thermophilic ferredoxin.
Other changes in the primary sequence were
noted, but it was felt that the above changes
were related to the stabilization of the protein
(127). However, the mechanism of this stabili-
zation was not understood. Based on the pri-
mary sequence of the ferredoxin, a phylogenetic
tree showing the evolutionary relationship of
clostridial ferredoxins was proposed (127). Peck
(107) has proposed a similar phylogenetic rela-
tionship relating the development of plant fer-
redoxins from bacterial origins. Both studies
suggest that the thermophilic species was the
oldest of the Clostridia studied.

Formyltetrahydrofolate Synthetase

C. thermoaceticum synthesizes acetate from
two moles of carbon dioxide (82). Formyltet-
rahydrofolate synthetase (EC 6.3.4.3) is be-
lieved to function in this pathway (125), and has
been purified from C. thermoaceticum. The
properties of this enzyme were studied in great
detail and compared with the homologous en-
zymes isolated from mesophilic Clostridia (16,
81). Although the enzyme was quite thermosta-
ble, its physical properties and amino acid
analysis were unremarkable and closely resem-
bled the corresponding mesophilic proteins. A
slight difference in parameters of hydro-
phobicity was noted for the thermophilic pro-
tein, but the authors felt this difference was not
sufficient to explain the thermostability of the
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enzyme. The use of these parameters of hydro-
phobicity will be discussed further in this re-
view.

B-Galactosidase

Ulrich et al. (132) have recently reported the
partial purification of p-galactosidase (EC
3.2.1.23) from an extreme thermophile resem-
bling T. aquaticus. Lactose, galactose, and
melibiose induced the synthesis of the enzymes,
whereas glucose had a repressive effect. The
enzyme is very heat stable, exhibiting no loss in
activity when heated at 80 C for 30 min in the
presence of cysteine. The Arrhenius activation
energy is 13.7 kcal/mol and is thus comparable
to that found for the corresponding enzyme
from E. coli. The molecular weight was also
similar to that of the E. coli 8-galactosidase.
The authors concluded that with the exception
of thermostability, there are no major differ-
ences between the thermophilic and mesophilic
B-galactosidases.

Phosphoglucomutase

Phosphoglucomutase (EC 2.7.5.1) was iso-
lated from Flavobacterium thermophilum HB8
by Yoshizaki, Oshima, and Imahori (143). The
enzyme is quite heat stable, having a tempera-
ture optimum of 75 C. Kinetic studies sug-
gested the catalytic mechanism to be of the
“ping pong” type and similar to that of the
corresponding enzyme from E. coli. Other ki-
netic properties, such as the requirement for
glucose-1,6-diphosphate and magnesium ion,
are similar to those of the phosphoglucomutase
extracted from E. coli. The physical properties
of this enzyme have not been reported.

Glucose-6-Phosphate Isomerase

Muramatsu and Nosoh (97) have purified the
glucose-6-phosphate isomerase (EC 5.3.1.9)
from B. stearothermophilus. The preparation
was homogeneous in the ultracentrifuge and by
gel electrophoresis. The enzyme is stable at
50 C, but is rapidly inactivated at 65 C. Consid-
erable protection was afforded at 65 C by glu-
cose-6-phosphate or 6-phosphogluconate. A plot
of K,, versus 1/T was linear and presented a
sharp discontinuity in slope at 55 C, suggesting
a conformational change in the protein at this
temperature. However, this change was not
detectable by optical rotatory dispersion or
circular dichroism, and the nature of the confor-
mational shift was not known. It should be
noted that some of the kinetic data in this work
may be subject to slight question, as they
appear to have been obtained under conditions
where the enzyme undergoes heat inactivation.
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However, these do not seem sufficient to call
into question the basic conclusions of the work.

Enolase

In a recent series of papers Stellwagen, et al.
(122) and Barnes and Stellwagen (11) have
reported the isolation and characterization of
enolase (EC 4.2.1.11) from T. aquaticus YT-1
and Thermus X-1. The enzyme from T.
aquaticus had a temperature optimum of 90 C
and had the hydrodynamic properties of a
globular protein. It consisted of eight appar-
ently identical polypeptide chains of molecular
weight of 44,000. No significant changes in the
sedimentation coefficient, near-UV absorption
spectrum, far UV optical rotatory dispersion, or
the apparent K, ’s were observed in the temper-
ature range 25 to 85 C.

The enzyme from Thermus X-1 was obtained
in greater yields and was further characterized.
Physical properties observed were: s% « =
13.28, D%, = 3.42 x 10~ "cm?.sec™?, f/fo =
1.30, 382,000 molecular weight.

The amino acid composition for both en-
zymes was determined. The thermostability of
four enolases (rabbit muscle, yeast, Thermus
X-1, and T. aquaticus YT-1) was found to have
a positive correlation with the content of resi-
dues capable of forming side-chain hydrogen
bonds and a negative correlation with the aver-
age hydrophobicity.

ALLOSTERIC INTERACTIONS

Brock (19) has speculated that perhaps the
thermophilic microorganisms have sacrificed
efficiency and control of function to grow at
elevated temperatures. This speculation was
based on the assumption that induced fit and
allosteric interactions between proteins and
small molecules required structural flexibility
which might be incompatible with a highly
cross-linked, rigid, and therefore, heat-stable
protein. The possibility of such a phenomenon
was specifically studied in the enzymes reported
below.

Aspartokinase

Aspartokinase (EC 2.7.2.4) (33, 76, 77) was
purified from B. stearothermophilus and dem-
onstrated to have a temperature optimum of
55 C. The enzyme catalyzes the first reaction in
the aspartate pathway leading to the biosynthe-
sis of lysine, threonine, methionine, and isoleu-
cine and is under feedback control by two of its
ultimate products, lysine and threonine. Feed-
back inhibition decreases with increasing tem-
perature, but is still significant at 55 C. As the
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assay temperature is increased, the kinetics of
inhibition by threonine became increasingly
sigmoidal. These results suggest that the en-
zyme has two or more threonine binding sites
whose interaction is strongly temperature de-
pendent. Cooperative kinetics for lysine inhibi-
tion could not be shown, and it was therefore
concluded that either a single lysine site was
present or, if multiple sites were present, they
did not interact.

Threonine Deaminase

The first enzyme of the isoleucine biosyn-
thetic pathway, L-threonine deaminase (EC
4.2.1.16), was isolated from B. stearothermophi-
lus (129). The enzyme has a temperature opti-
mum of 65 C and is rapidly inactivated at 70 C.
This inactivation can be prevented to varying
degrees by the addition of pyridoxal phosphate,
threonine, or phosphate. The temperature
versus initial activity profile of the enzyme was
interesting in that a marked increase in en-
zyme activity occurred at 45 to 50 C, suggest-
ing the possibility of a conformational change
occurring at this temperature. The enzyme
was subject to feedback inhibition by isoleucine;
like aspartokinase, this inhibition decreased
with increasing temperatures, but was still
significant at 80 C. Kinetic data and molecular
weight determinations suggested similarities
between the threonine deaminases of B. stearo-
thermophilus, B. subtilis, and Salmonella typhi-
murium. All had molecular weights of approxi-
mately 20,000 and multiple binding sites for
isoleucine and threonine.

Higa and Ramaley (60) have reported a study
of the threonine deaminase from an extreme
thermophile, Thermus X-1. The enzyme was
quite heat stable with a temperature optimum
of 85 to 90 C. However, the enzyme was not
subject to strong feedback inhibition by isoleu-
cine, and it was suggested that regulation of
isoleucine biosynthesis in this organism may
resemble that reported in Rhodospirillium
rubrum.

Phosphofructokinase

Phosphofructokinase (EC 2.7.1.11) (140, 142)
was purified from the extreme thermophile, F.
thermophilum, and was demonstrated to be an
extremely heat-stable enzyme. After 1 h at
90 C, the enzyme lost only 10% of its initial
activity. In the presence of phosphoenolpyru-
vate (PEP), the enzyme exhibited sigmoidal
kinetics with respect to fructose-6-phosphate.
The PEP inhibition was relieved by adenosine
diphosphate (ADP), converting the kinetic pat-
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terns to the Michaelis-Menten type. Analogues
of ADP (e.g., inosine diphosphate, guanosine
diphosphate, cytosine diphosphate, and uridine
diphosphate) could not replace ADP. The ef-
fects of PEP and ADP were seen both at 30 and
75 C. The authors concluded that the enzyme
exhibits allosteric behavior even at extreme
temperatures and that the enzyme plays an
important role in the regulation of carbohydrate
metabolism in the organism.

Fructose-1,6-Diphosphatase

A fructose-1,6-diphosphatase (EC 3.1.3.11)
(141) has also been purified from F. thermo-
philum. Catalytic activity and susceptibility
to allosteric effectors (inhibition by adenosine
monophosphate and activation by PEP) re-
mained unchanged after 1 h at 70 C. Other
properties (K, cation requirement, pH opti-
mum, substrate inhibition) of the thermophilic
enzyme were similar to fructose-1,6-diphos-
phatase from other sources.

CONCLUSIONS, SPECULATIONS, AND
SUMMARY

In response to the question, ‘‘How are ther-
mophilic microorganisms capable of survival at
temperatures which cause the denaturation of
most biological compounds?,” we can provide
only one conclusion with any certainty: they
synthesize compounds which are not readily
heat denaturable, or at least they are relatively
heat stable in relation to the temperature at
which the organism is growing. This answer is
not intellectually satisfying, because it says
nothing about the molecular mechanism(s) in-
volved. The thermophilic proteins studied thus
far seem to bear a most remarkable similarity to
their nonthermostable counterparts. Based on
the accumulated physicochemical evidence to
date concerning thermophilic proteins, the
unique and elegant picture proposed for the
a-amylase from B. stearothermophilus by
Campbell et al. (27, 28, 85, 86) appears to be
applicable only to that enzyme from a very
-particular strain of the organism. As such, this
enzyme cannot represent a general mechanism
of thermophily.

It seems clear from the data discussed thus
far that nonprotein stabilizing factors are not
primarily involved in thermophilic survival.
This conclusion can be reached by considera-
tion of four points: (i) soluble factors cannot be
demonstrated by transfer experiments; (ii)
thermostability is retained even after repeated
purification steps and in some cases, recrystalli-
zation; (iii) the recoveries of most of the amino
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acid analyses were essentially quantitative, i.e.,
all of the weight of the protein can be accounted
for by amino acids; and, (iv) the molecular
weights of the thermophilic proteins are very
close to those of their mesophilic counterparts.
Therefore, any stabilizing factors which might
be present must be firmly bound and of low
molecular weight.

We should note by way of definition that we
consider a “factor” to be a unique substance
whose primary function in this case would be to
provide thermostability for a protein. This defi-
nition would exclude common cellular compo-
nents such as metal ions and substrates. How-
ever, this definition may not be entirely justi-
fied in light of evidence currently developing
regarding the stabilizing effects of metal ions on
macromolecules. Levy and Biltonen (79) and
Levy et al. (80) have recently demonstrated
that the binding of Mg2* to the yeast transfer
ribonucleic acid specific for phenylalanine
causes marked changes in the thermodynamic
properties of the molecule, resulting in an in-
creasgd thermostability. It is interesting to
speculate that perhaps the major difference in
proteins from thermophilic and mesophilic
sources is the ability to bind certain metal ions
more tightly and thereby fold into a more stable
conformation.

The suggestion that thermophilic proteins are
not under allosteric control also does not appear
valid, although this conclusion may be prema-
ture because of the rather small number of
studies available. However, upon reconsidera-
tion, there really is no reason to expect a
thermally stable protein to be an inflexible rigid
species with a large amount of cross-linking as
was suggested (19). Indeed, one pattern which
seems to emerge from the amino acid analyses
of these proteins is that the capacity for cross-
linking via disulfide interactions may be re-
duced.

Often there appears to be an increased level of
hydrophobic amino acids in proteins from ther-
mophilic sources when compared with their
counterparts from mesophilic sources. It has
been observed by several authors (72, 86, 105)
that proteins from thermophilic sources seem
somewhat impervious to reagents which were
thought to disrupt hydrophobic bonds. Further-
more, Scheraga (118) and Brandts (15) have
pointed out that, unlike other bonding interac-
tions, the strength of the hydrophobic interac-
tion increases with temperature, up to around
60 C, after which the energy begins to decrease.
Thus, the point of maximum stabilization by

hydrophobic interactions should be around
60 C.
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Several authors (64, 81, 120) have calculated
parameters which purportedly measure the ca-
pacity for hydrophobic interaction in a protein
from its amino acid composition. These param-
eters are Heg,,. (14), NPS (133), and p (52). The
symbol H¢,,. represents the average free energy
change which would occur in transferring the
amino acid residues of a protein from a water
environment to an organic environment. The
NPS function is simply a summation of the
nonpolar residues of the protein. The p function
is the ratio of the volume of the polar exterior
shell of the protein to the volume of its nonpolar
interior. As pointed out by Bigelow (14), NPS
and H¢,.. are measures of nonpolarity, whereas
p is a measure of polarity. Therefore, p should
decrease while H¢,,. and NPS should increase
for an increase in the hydrophobic nature of a
series of proteins.

These values have been calculated (R. Single-
ton, Jr., 1973, unpublished data) for the pro-
teins discussed above, and for their homologous
mesophilic counterparts from published amino
acid compositions. The values are summarized
in Table 5. It is apparent from this tabulation
that although minor differences occur, there is
no definite correlation between these parame-
ters of hydrophobicity and the thermal stability
of the protein. Goldsach (56) has reported a
similar lack of correlation between Hg¢,,. and
thermal stability for a very large number of
proteins from a variety of sources.

Although such parameters do not correlate
with thermal stability of the protein, hydro-
phobic interactions may still account for the
stabilization of the protein. All of these parame-
ters make the same assumption, i.e., on the
‘“average,”’ the protein will maintain all polar
residues on the exterior and all nonpolar resi-
dues on the interior of the molecule. Klotz (71)
has analyzed several proteins for which three-
dimensional structures are known and has
noted that many nonpolar residues are on the
exterior of the protein and accessible to the
solvent. Thus, the basic assumption of these
parameters may not be valid. Furthermore,
these functions cannot account for pockets or
clusters of hydrophobic interaction at or near
the enzymatic active site. Thus, the bulk of the
protein may undergo some form of denaturation
or change in structure, whereas the region
forming the active site remains stable. Such a
situation was noted for aspartokinase and threo-
nine deaminase from B. stearothermophilus,
where allosteric interactions were markedly re-
duced with increasing temperature, without
affecting catalytic activity (77). Also, many of
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the proteins discussed above were noted to
undergo some sort of conformational change in
the region around 45 to 55 C, without a loss of
enzymatic activity.

Stabilization by hydrophobic clusters might
be further increased by hydrogen bonds or salt
linkages buried within the hydrophobic cluster
itself. Thus, these linkages would be insulated
from the weakening effects of the polar water
environment. Such a hypothesis becomes more
attractive when considered from the evolution-
ary point of view. For example, a thermophile
could have its capacity to exist at elevated
temperatures reduced by the mutation of two or
three very critical ‘“‘reinforcing” residues in the
hydrophobic cluster. According to the observa-
tions of Margoliash (87) on cytochrome c, the
hydrophobic cluster must remain constant over
long evolutionary periods.

The one protein in which the complete se-
quence is known for both thermophilic and
mesophilic species is clostridial ferredoxin
(127). The changes in sequence observed often
involve the exchange of a charged amino acid
for a neutral species; the total number of
charged amino acids is somewhat higher for the
thermophilic protein. In accord with the previ-
ously mentioned observations of Margoliash,
there are certain hydrophobic regions which
appear to be invariant. Thus, one can envision
that some of these “‘extra” charged amino acids
in the thermophilic ferredoxin could be buried
within the hydrophobic pocket in a salt linkage.
Because the phylogenetic tree for Clostridium
sp. suggests that the thermophilic species is the
oldest from an evolutionary point of view, the
mesophilic species could have evolved quite
readily through a series of minor mutations in
which these charged amino acids were lost.
These mutations would decrease the thermal
stability of the protein without causing suffi-
cient major changes in the protein sequence to
disrupt seriously the tertiary and quaternary
structure of the protein, and thereby cause a
loss in catalytic activity.

As has been noted earlier, several proteins
from thermophilic sources have been observed
to undergo some type of conformational change
around 55 C (7, 9, 57, 97, 124, 129) even though
they retain enzymatic activity beyond this tem-
perature. Because this temperature is in the
region of maximum stabilization of hydro-
phobic bonds, this observation might suggest
that the conformational change arises from a
“melting”’ of the hydrophobic cluster, without
causing a gross change in the active site region.
This process could be similar to the situation
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TaBLE 5. Value of hydrophobicity parameters for various enzymes from thermophilic and mesophilic sources
Enzyme Source NPSe H¢%. p° Ref. no.
Aldolase Bacillus stearothermophilus 0.32 1.04 0.95 124
Yeast 0.33 1.09 1.04 58
Rabbit C 0.35 1.10 0.93 108
Rabbit A 0.33 1.10 1.07 108
a-Amylase B. stearothermophilus 0.41 1.21 0.84 28
B. stearothermophilus 0.34 1.09 1.11 109
B. subtilis 0.33 1.07 1.26 68
B. marcerans 0.33 1.03 1.03 42
Aspergillus oryzae 0.36 1.07 1.26 121
Rabbit pancreatic 0.33 1.04 1.07 83
Rabbit parotid 0.34 1.05 1.05 83
Rat pancreatic 0.33 1.05 1.00 83
Adenosine triphosphatase B. stearothermophilus 0.35 1.10 0.97 57
Streptococcus faecalis 0.32 1.04 1.13 119
Rabbit sarcoplasmic reticulum 0.35 1.12 0.86 70
Ferredoxin Clostridium tartarivorum 0.22 0.91 0.76 127
C. pasteurianum 0.29 0.99 0.59 128
C. acidi-urici 0.31 1.04 0.59 111
C. buturicum 0.27 0.90 0.58 13
Micrococcus aerogenes 0.31 1.07 0.63 131
Desulfovibrio gigas 0.31 1.01 0.78 69
Chromatium 0.28 0194 1.23 69
Scenedesimus 0.27 0.94 1.16 69
Spinach 0.31 0.98 1.14 69
Glyceraldehyde-3-phosphate B. stearothermophilus 0.34 1.06 0.97 120
dehydrogenase Human red blood cells 0.32 1.05 1.06 69
Bovine liver 0.32 1.07 0.95 69
Rabbit muscle 0.33 1.06 0.81 120
Lobster muscle 0.34 1.10 0.89 120
Leaf-cutting bee 0.36 1.14 0.90 30
Flesh fly 0.34 1.10 0.90 30
Honeybee 0.34 1.13 0.94 30
Screw worm fly 0.35 1.10 0.87 30
Bumblebee 0.36 1.16 0.88 30
Isocitrate dehydrogenase B. stearothermophilus 0.34 1.14 0.97 64
Azotobacter vinelandii 0.33 1.11 1.04 38
Equine liver 0.31 1.09 1.19 38
Glucose-6-phosphate B. stearothermophilus 0.37 1.16 1.08 97
isomerase Rabbit muscle 0.34 1.11 0.99 110
Human muscle 0.35 1.14 0.98 31
Formyltetrahydrofolate C. Thermoaceticum 0.36 1.16 0.82 81
synthetase C.aceticum 0.34 1.12 0.82 81
C. cylindrosporum 0.31 1.05 0.93 81
Aminopeptidase B. stearothermophilus 0.36 1.10 0.86 114
Aeromonas proteolytica 0.30 0.98 1.17 70
Porcine kidney 0.38 1.18 1.00 70
Protease B. thermoproteolyticus 0.35 1.07 1.30 106
B. subtilis 0.31 0.99 1.44 139
A. oryzae 0.29 0.94 1.08 99
Myzxobacter 0.26 0.86 1.38 67

a See text for definition of terms.

suggested above, whereby thermal energy is
absorbed into ‘“‘melting” the hydrophobic clus-
ter, without causing marked conformational
changes at the active site. If this hydrophobic
interaction is related to the thermal stability of
the protein, then one should observe a very

marked increase in the rate of thermal denatu-
ration as the temperature is increased, with a
marked transition occurring around 55 to 60 C.

The aldolase from T. aquaticus is most inter-
esting when considered in conjunction with the
above discussion. As noted earlier, the enzyme
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was quite inactive below 58 C, after which its
activity increased markedly up to 95C. This
behavior might be the result of a requirement
for a “‘melting” of a crucial hydrophobic cluster,
which somehow blocks the active site. As this
hydrophobic cluster “melts,” active enzyme is
formed.

In closing, it should be noted that we have
ignored an interesting aspect of the growth of
the thermophilic bacteria, i.e., why do many
thermophiles exist obligately? Little attention
has been paid to why many thermopbhiles fail to
grow at low temperatures. It seems probable
that this failure is a reflection of decreased rates
of synthesis; however, many of the enzymes
purified from thermophiles are quite active at
mesophilic growth temperatures (a very marked
exception to this is the aldolase from T.
aquaticus). Perhaps future studies will provide
more insight into this very interesting problem.

In conclusion, it appears that thermophilic
microorganisms synthesize thermostable pro-
teins and, except for some rather minor points,
these proteins appear to be physicochemically
similar to their mesophilic counterparts. Their
points of similarity include: (i) molecular
weights, (ii) subunit composition, (iii) allosteric
effectors, (iv) amino acid composition, and (v)
primary sequences. Based on present knowl-
edge, we must conclude that the mechanism of
thermophily is far more subtle than previously
anticipated and that the final answer may come
only through a more complete understanding of
the three-dimensional structure of the proteins
involved. Data from X-ray crystallographic
studies, in combination with primary sequence
analysis, may furnish greater insight into the
solution of this unique biological problem.
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